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A  hollow  spherical  Lao.8Sro.2Mn03  (HS-LSM)  perovskite  oxide  has  been  prepared  using  a  new  carbonate- 
template  route,  and  characterized  by  XRD,  SEM  and  TEM.  SEM  and  TEM  results  show  that  the  pre¬ 
prepared  oxides  consist  of  porous  microspheres  composed  of  submicrometer-sized  subunits  with  a 
secondary  particle  diameter  of  -20-50  nm.  The  catalytic  activity  of  the  oxide  for  the  oxygen  reduction 
reaction  (ORR)  in  0.1  M  KOH  solution  has  been  studied  using  a  rotating  ring-disk  electrode  (RRDE).  In  the 
ORR  tests,  a  maximum  cathodic  current  density  of  6.4  mA  cm-2  at  -0.9  V  (vs.  Ag/AgCl)  with  2500  rpm 
has  been  obtained,  and  the  ORR  mainly  favors  a  direct  four-electron  pathway.  The  chronoamperometric 
test  shows  that  the  HS-LSM  exhibits  excellent  stability  for  the  ORR. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  metal-air  batteries  such  as  Zn-air 
(1350  Wh  kg”1)  and  Li-air  (11,140  Wh  kg”1)  have  attracted 
increasing  attention  due  to  their  high  theoretical  specific  energy 
density  and  low  environmental  impact  [1—3].  The  low  round-trip 
efficiency  and  cycle  stability  of  metal-air  batteries,  however, 
restrict  their  applications.  Noble  metals  such  as  Pt,  Au  and  Au  alloys 
have  been  extensively  investigated  as  efficient  electrocatalysts  for 
gas  diffusion-type  oxygen  reduction  and  evolution  electrodes. 
Despite  the  increase  in  efficiency  obtained  with  such  electro¬ 
catalysts,  the  high  cost  of  noble  metal  limits  their  large-scale  uti¬ 
lization.  The  development  of  a  novel  non-noble  metal 
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electrocatalyst  with  high  catalytic  activity  is  an  important  way  to 
improve  the  commercial  applicability  of  metal-air  batteries. 

Among  the  various  types  of  electrocatalysts,  perovskite  mate¬ 
rials  with  the  formula  ABO3,  or  Ai_xA  ^Bi-yB'yC^  where  A  or  A'  is  a 
rare-earth  or  alkaline-earth  metal  (La,  Ce,  Sr,  Ca  ...)  and  B  or  B'  is  a 
transition  metal  (Fe,  Mn,  Co...),  form  an  important  class.  Perovskite 
electrocatalysts  can  achieve  high  catalytic  activity  and  stability  for 
the  oxygen  reduction  reaction  (ORR)  in  metal  air  batteries  because 
of  their  defective  structures  and  excellent  oxygen  mobility.  LaMn03 
exhibits  high  catalytic  activity,  due  to  its  defective  cation-deficient 
lattice,  and  the  presence  of  manganese  in  two  oxidation  states 
(Mn3+/Mn4+),  resulting  in  a  relatively  stable  and  constant  oxygen 
excess  [4].  The  catalytic  activity  of  LaMn03  perovskite  can  be 
further  enhanced  by  partial  substitution  of  La  or  Mn.  This  induces 
oxygen  vacancies  and  results  in  the  formation  of  a  larger  proportion 
of  metal  ions  in  unstable  oxidation  states,  as  well  as  an  overall 
enhancement  of  oxygen  mobility.  Lai_xSrxMnC>3  perovskites,  for 
example,  are  more  active  than  LaMn03  in  terms  of  oxygen 
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Fig.  1.  Schematic  diagram  of  the  growing  process  of  the  hollow  spherical  LSM. 


reduction  in  an  ambient  temperature  alkaline  1  M  KOH  electrolyte 
[5].  One  of  the  most  frequently-used  cathode  materials  in  solid 
oxide  fuel  cells,  Lao.sSro.2Mn03  (LSM)  perovskite  oxide  has 
demonstrated  promising  catalytic  properties  in  a  Li-air  battery 
with  non-aqueous  electrolyte  [6,7  . 

It  is  well  known  that  ORR  is  an  interfacial  reaction,  or  surface 
reaction,  and  the  adsorption  and  dissociation  of  oxygen  molecules 
mainly  occurs  in  the  interface  or  surface  of  the  catalyst.  The  more 
effective  reactive  sites  on  the  catalyst,  therefore,  the  better  the 
catalytic  activity  [8  .  While  La0.8Sr0.2MnO3  perovskite  oxides 
exhibit  good  electrocatalytic  activities,  they  have  little  specific 
surface  area,  see  Yu  et  al.  [7  .  In  our  previous  work  [9],  we  have 
synthesized  urchin-like  LSM  perovskite  oxide  with  a  high  specific 
surface  area  of  48  m2  g-1,  which  exhibits  better  catalytic  perfor¬ 
mances  than  regular  LSM  particles.  It  is  necessary  and  meaningful, 
therefore,  to  investigate  the  structural  design  of  LSM  in  order  to 
improve  its  catalytic  performance.  Among  various  types  of  struc¬ 
tural  designs,  hollow  spheres  are  preponderant  due  to  their  high 
surface  area,  especially  with  the  presence  of  through-channels  on 
the  walls.  Such  structures  provide  a  larger  electrochemical  active 
surface  area  and  improve  the  mass  transfer  [10-12  . 

In  this  communication,  a  new  carbonate-template  route  to 
design  and  fabricate  hollow  spheres  of  Lao.sSro^MnCU  perovskite 
oxide  was  developed.  The  catalytical  activities  of  these  LSM  hollow 
spheres  for  the  oxygen  reduction  reaction  in  an  alkaline  medium 
were  characterized  using  rotating-ring-disk  electrode  (RRDE) 
testing. 

2.  Experimental 

2.1.  Preparation  of  the  spherical  carbonate  template 

In  a  typical  synthesis  of  the  spherical  carbonate  template,  CaC^ 
and  Mn(CH3COO)2  were  used  as  starting  reagents.  CaCl2  and 
Mn(CH3COO)2  (20  mmol,  in  a  molar  ratio  1:1)  were  dissolved  in 
100  ml  deionized  water,  then  5  mmol  sodium  dodecylsulfate  (SDS) 
was  added  and  stirred  constantly,  this  mixed  solution  being 
denoted  solution  A.  Na2C03  (20  mmol)  was  dissolved  in  100  ml 
deionized  water  to  form  solution  B.  Subsequently  solution  B  was 


poured  into  solution  A  and  vigorously  stirred  to  precipitate  for  1  h 
at  room  temperature.  The  white  precipitates  were  collected  using  a 
centrifuge,  and  washed  with  deionized  water  and  ethanol  several 
times  to  remove  impurities.  Finally,  the  spherical  MnxCay(C03)2(x+y) 
templates  were  dried  at  60  °C  overnight. 

2.2.  Preparation  of  hollow  spherical  Lao.sSrojMnOs 

As  shown  in  Fig.  1,  the  pre-prepared  spherical  MnxCay(C03)2(X+y) 
templates  were  first  calcined  at  400  °C  for  4  h  to  form  Mn02 
spheres,  which  disperse  through  the  undecomposed  CaC03 
spheres.  Secondly,  the  undecomposed  CaC03  spheres  were 
removed  by  washing  with  acetic  acid  (0.2  M)  two  times,  leaving  the 
porous  hollow  Mn02  structure.  These  were  washed  with  distilled 
water  and  ethanol  several  times  and  dried  at  60  °C  overnight. 
Thirdly,  9.6  mmol  La(N03)3-6H20  and  2.4  mmol  Sr(N03)2  were 
dissolved  in  20  ml  distilled  water  to  form  a  mixed  solution,  which 
was  infiltrated  into  the  pre-prepared  porous  hollow  Mn02  matrix. 
This  mixture  was  first  dried  at  200  °C  and  then  heated  to  400  °C,  to 
decompose  the  nitrites.  After  several  impregnating,  drying  and 
firing  steps,  the  dried  precursors  were  finally  calcined  at  600  °C  for 
3  h  to  obtain  hollow  spherical  Lao.sSro^MnCU  perovskite  oxide 
(denoted  as  HS-LSM). 

2.3.  Characterization  of  the  hollow  spherical  Lao.8Sro.2Mn03 

The  crystal  structure  of  the  hollow  spherical  Lao.8Sro.2Mn03 
perovskite  oxide  was  examined  through  X-ray  diffraction  (XRD) 
using  a  Bede  D1  X-ray  diffractometer  (Bede  Scientific  Ltd.,  UK;  Cu  Ka 
radiation;  operated  at  40  kV,  45  mA;  A  =  0.15418  nm),  the  diffrac¬ 
tion  angle  ranging  from  20°  to  80°  with  a  step  of  0.02°and  a  rate  of 
1.2°  min-1.  The  oxide  morphology  was  characterized  by  a  scanning 
electron  microscope  (SEM,  Hitachi  SU8010)  and  a  transmission 
electron  microscope  (TEM;  TecnaiG220  operating  at  200  kV). 

2.4.  Electrochemical  measurements 

The  electrode  preparation  and  electrochemical  tests  were 
similar  to  those  presented  in  our  previous  works  [9,13,14  .  The 
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electrocatalytic  activity  for  the  ORR  was  studied  with  the  RRDE 
technique  using  a  Pine  Electrochemical  system  (AFMSRX  rotator, 
and  AFCBP1  bipotentiostat).  The  RRDE  electrode  consisted  of  a 
catalyst  film-coated  GC  disk  (with  a  geometric  surface  area  of 
0.196  cm2)  surrounded  by  a  Pt  ring  (with  a  geometric  surface  area  of 
0.125  cm2).  A  conventional  three-electrode  single-compartment 
Pyrex  glass  cell  was  used  to  carry  out  the  electrochemical  in¬ 
vestigations  at  room  temperature.  A  Pt-wire  was  used  as  the 
counter  electrode  (with  a  geometric  surface  area  of  0.316  cm2im- 
mersed  in  the  electrolyte  solution),  and  an  Ag/AgCl  (1  M  Cl-, 
0.197  V  vs.  SHE)  reference  electrode  was  used  in  a  double-junction 
reference  chamber.  All  potential  values  mentioned  in  the  text  are 
given  against  this  reference  only.  The  electrolyte  was  0.1  M  KOH 
solution  prepared  with  ultrapure  water  (Millipore,  18.2  MCI  cm). 

The  catalyst  ink  of  the  HS-LSM  was  made  by  mixing  5  mg  of  HS- 
LSM  powder  and  5  mg  of  acetylene  black  with  95  pi  of  Nation  so¬ 
lution  (5-6  wt.%  in  ethanol)  and  350  pi  of  ethanol  in  an  ultrasonic 
bath  for  2  h.  The  working  electrode  was  prepared  by  applying  7  pi  of 
catalyst  ink  onto  the  surface  of  the  GC  electrode  with  a  micropi¬ 
pette  and  drying  in  air  for  0.5  h.  The  catalyst  loading  was 
0.4013  mg  cm-2.  For  comparison,  samples  of  commercial 
Lao.8Sro.2Mn03  (bought  from  fuel  cell  materials,  denoted  as  C-LSM), 
and  urchin-like  Lao.8Sro.2Mn03  (denoted  as  U-LSM),  were  prepared 
and  tested  with  the  same  procedure. 

RRDE  voltammetric  experiments  were  performed  for  ORR  test 
with  a  10  mV  s-1  scanning  rate  in  an  02-saturated  0.1  M  KOH  so¬ 
lution,  at  room  temperature.  The  voltage  scanning  range  was 
from  -1.0  to  0.2  V.  The  ring  potential  was  set  at  0.5  V,  which  is 
considered  to  be  sufficiently  high  to  induce  complete  peroxide 
decomposition  15].  During  the  ORR  test,  the  background  capacitive 
current  contribution  (obtained  from  an  ^-saturated  experiment) 
is  subtracted  from  each  voltammogram.  Prior  to  each  measure¬ 
ment,  the  KOH  solution  was  bubbled  with  either  N2  or  O2  at  a  flow 
rate  of  100  standard  cubic  centimeters  per  minute  (seem)  over 
0.5  h. 

3.  Results  and  discussion 


3.1.  Structure  and  morphology  characterization 


Fig.  3.  SEM  image  of  Mn02  intermediates  after  washing  CaC03  templates  (a);  SEM 
image  of  the  hollow  spherical  LSM  powders  calcined  at  600  °C  for  3  h  (b). 


Fig.  2  presents  X-ray  diffraction  (XRD)  patterns  of  hollow 
spherical  LSM  powders  after  they  were  calcined  at  600  °C  for  3  h. 
Compared  with  the  standard  PDF  card  (PDF  #  40-1100),  all  the 
characteristic  peaks  can  be  well  indexed  as  a  perovskite  phase  with 
a  rhombohedral  structure,  except  that  some  trace  small  peaks 
around  25,  29,  36,  45°  correspond  to  La(OH)3  and/or  La203.  No 
other  peaks  can  be  observed,  indicating  high  phase  purity  of  the 
synthesized  sample. 

SEM  and  TEM  were  used  for  observing  the  morphology  and 
microstructure  of  the  products.  Fig.  3(a)  shows  the  typical  mor¬ 
phologies  of  MnC>2  intermediates  after  removing  the  CaC03  tem¬ 
plates.  The  image  reveals  that  the  Mn02  intermediates  are 


Fig.  2.  XRD  patterns  of  the  hollow  spherical  LSM  powder  calcined  at  600  °C  for  3  h. 


composed  of  hollow  porous  microspheres  with  diameters  of 
-1-3  pm.  It  is  interesting  to  find  that  some  microspheres  have 
cracks  on  their  surface,  indicating  that  the  Mn02  intermediates 
have  hollow  structures.  Fig.  3(b)  presents  the  SEM  image  of  the  HS- 
LSM  sample.  It  can  be  seen  clearly  that  the  products  are  micro¬ 
spheres  with  diameters  of  -1-3  pm,  and  a  great  fraction  of  the 
microspheres  have  cracks  on  their  surfaces,  suggesting  that  they 
have  a  hollow  structure.  From  the  magnified  micrograph  of  one 
microsphere,  in  the  top  right  inset  in  Fig.  3(b),  it  can  be  observed 
that  the  HS-LSM  are  porous  and  composed  of  submicrometer-sized 
subunits  with  a  secondary  particle  diameter  of  -20-50  nm.  This 
unique  microstructure  benefits  gas  diffusion  and  can  provide  more 
electrochemical  reaction  sites. 

3.2.  Electrochemical  performance  measurements 

The  electrochemical  properties  of  the  HS-LSM  were  character¬ 
ized  with  the  RRDE  technique.  For  comparison,  commercial 
Lao.8Sro.2Mn03  (C-LSM),  urchin-like  Lao.sSro.2Mn03  (U-LSM)  and 
commercial  Pt/C  (20  wt.%  Pt)  were  also  tested  under  the  same 
conditions.  The  measurements  were  carried  out  in  a  cathodic 
sweep  with  10  mV  s-1  at  various  rotation  speeds  (w)  from  400  to 
2500  rpm.  A  comparison  of  the  disk  currents  obtained  from  the 
ORR  activities  on  C-LSMO,  U-LSMO,  HS-LSM  and  Pt/C,  as  measured 
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with  the  RRDE  at  2500  rpm,  is  shown  in  Fig.  4.  The  onset  potential, 
half-wave  potential  and  diffusion  limiting  current  density  of  these 
four  catalysts  are  displayed  in  Table  1.  The  ORR  activity  was  found  to 
increase  as  follows:  C-LSM  <  U-LSM  <  HS-LSM  <  Pt/C,  as  evidenced 
by  the  three  parameters  shown  in  Table  1.  The  diffusion  limiting 
current  density  of  HS-LSM  reaches  that  of  Pt/C,  and  a  negative  shift 
of  about  169  mV  exists  in  the  half-wave  potential  of  HS-LSM  as 
compared  to  Pt/C.  It  should  be  noted  that  the  diffusion  limiting 
current  density  and  half-wave  potential  of  the  Pt/C  are  in  good 
agreement  with  the  values  of  Pt/C  (20  wt.%  Pt)  reported  elsewhere 
[16].  Higher  diffusion  limiting  current  density  clearly  indicates  that 
HS-LSM  is  more  active  than  C-LSM  and  U-LSM  and  is  comparable  to 
the  activity  of  Pt/C. 

HS-LSM  catalyst  was  further  studied  using  the  RRDE  technique 
for  the  evaluation  of  the  oxygen  reduction  kinetic  parameters.  The 
measurements  were  carried  out  in  a  cathodic  sweep  with 
10  mV  s_1  at  400,  900, 1600  and  2500  rpm.  Fig.  5  shows  both  ring 
current  density  (ir)  and  disk  current  density  (id)  of  the  HS-LSM 
catalyst  recorded  in  an  02-saturated  0.1  M  KOH  solution,  at 
different  rotation  speeds.  From  id  curves,  it  can  be  seen  that  the 
diffusion  limiting  current  densities  increase  as  rotation  speed  in¬ 
creases  from  400  to  2500  rpm.  Higher  rotation  speeds  lead  to  faster 
oxygen  flux  to  the  electrode  surface,  and  consequently  larger  cur¬ 
rents.  The  transferred  electron  number  and  the  formation  of 
peroxide  species  (OH2)  involved  in  the  ORR  are  two  important 
parameters  to  verify  the  ORR  catalytic  pathway.  The  RRDE  experi¬ 
ment  involves  holding  the  disk  at  a  potential  Ed.  where  the  reaction 
O  +  ne  -►  R  produces  a  cathodic  current  id-  The  ring  is  kept  at  a 
sufficiently  positive  potential  Er  (0.5  V)  such  that  any  R  reaching  the 
ring  is  rapidly  oxidized,  and  the  concentration  of  R  at  the  ring 
surface  is  essentially  zero  [17  .  The  ring  current,  ir,  is  related  to  the 
disk  current,  id,  by  a  quantity  N,  the  capture  coefficient.  The  electron 
number  (n)  transferred  and  the  contents  of  peroxide  HO2  during 
the  ORR  can  be  calculated,  according  to  the  following  Equations  (1 ) 
and  (2)  [18,19], 


n  =  4 - — - 

id  +  (ir/N) 9 


HOT%  =  100  X 


2  ir/N 


id  +  (h/N) 


Table  1 

Summary  of  the  ORR  catalytic  characteristics  of  C-LSM,  U-LSM,  HS-LSM  and  Pt/C. 


Catalyst 

Onset  potential 
(V  vs.  Ag/AgCl) 

Half-wave  potential 
(V  vs.  Ag/AgCl) 

Current  density 
(mA  cm-2) 

C-LSM 

-0.211 

-0.374 

-4.94 

U-LSM 

-0.196 

-0.367 

-5.14 

HS-LSM 

-0.149 

-0.338 

-6.46 

Pt/C 

0.003 

-0.169 

-7.14 

process.  The  measured  %  HO2  yield  is  below  8.0%  over  the  potential 
range  of  -0.9  to  0  V,  giving  an  electron  transfer  number  of  3.8-4.0. 

The  stabilities  of  HS-LSM  and  commercial  Pt/C  catalysts  for  the 
ORR  were  examined  with  the  chronoamperometric  method  in  an 
02-saturated  0.1  M  KOH  at  2500  rpm.  The  ORR  potential  was 
selected  to  be  -0.3  V  vs.  Ag/AgCl,  and  the  results  obtained  are 
shown  in  Fig.  7.  It  can  be  seen  that  a  rapid  22%  loss  of  the  current 
density  occurs  for  the  commercial  Pt/C  catalyst  in  the  initial  5000  s 
of  operation,  before  remaining  stable  over  the  testing  period. 
Impressively,  the  ORR  current  density  of  HS-LSM  presents  a  slow 
downtrend,  only  decreasing  by  9.5%  after  60,000  s  of  continuous 
operation.  There  are  many  potential  causes  of  this  attenuation,  such 


Fig.  5.  Disk  current  density  (id)  and  ring  current  density  (ir)  collected  on  the  HS-LSM/C 
electrode  during  the  ORR  in  02  saturated  0.1  M  KOH  solution. 


where  n  is  the  transferred  electron  number  during  the  ORR  process, 
id  is  the  disk  current,  ir  is  the  ring  current  and  N  is  the  capture 
coefficient  (here  N  =  0.22). 

The  electron  number  transferred  and  the  quantity  of  peroxide 
HO2  generated  during  the  ORR  at  400, 900, 4600  and  2500  rpm  are 
calculated  and  displayed  in  Fig.  6.  The  n  values  are  3.8-4.0  over  the 
potential  range  from  -0.9  to  0  V  (vs  Ag/AgCl),  suggesting  that  the 
HS-LSM  catalyst  most  likely  favors  the  4e~  reduction  reaction 


Fig.  4.  Comparisons  of  electrochemical  catalytic  activities  for  the  ORR  among  the 
commercial  LSM  (C-LSM),  the  urchin-like  LSM  (LSM),  the  hollow  spherical  LSM  (HS- 
LSM)  and  commercial  Pt/C  electrocatalysts  at  the  same  conditions. 


Potential  /  V  vs.  Ag/AgCl 

Fig.  6.  Electron  transfer  number  (n)  and  peroxide  H02  calculated  with  id  and  ir  at 
various  rotation  speeds. 
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Fig.  7.  Current-time  (i— t)  chronoamperometric  responses  for  the  0RR  at  the  HS-LSM 
and  the  commercial  Pt/C  catalyst  in  an  02  saturated  0.1  M  KOH  solution  at  -0.30  V  (vs. 
Ag/AgCl)  at  2500  rpm. 

as  changes  in  the  microstructure  of  the  electrode,  aggregation  of 
the  electrocatalyst  or  change  of  the  electrolyte  concentration  [20]. 
The  stability  of  the  electrocatalyst  is  clearly  a  critical  issue,  but  it  is 
not  the  main  topic  of  this  work. 

4.  Conclusions 

In  summary,  hollow  spherical  La0.8Sro.2Mn03  (HS-LSM)  perov- 
skite  oxides  were  prepared  using  a  new  carbonate-template  route. 
The  HS-LSM  has  shown  high  activity  for  the  ORR  in  alkaline  solu¬ 
tion  and  a  four-electron  pathway  is  dominant  for  the  ORR.  The  HS- 
LSM  is  found  to  be  quite  stable  for  the  ORR,  outperforming  the 
commercial  Pt/C.  The  results  show  that  HS-LSM  could  be  used  as  a 
promising  electrocatalyst  candidate  for  the  ORR  in  fuel  cells  and 
metal-air  batteries. 
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